Microbial communities have a key role in the physiology of the sponge host, and it is therefore essential to understand the stability and specificity of sponge-symbiont associations. Host-specific bacterial associations spanning large geographic distance are widely acknowledged in sponges. However, the full spectrum of specificity remains unclear. In particular, it is not known whether closely related sponges host similar or very different microbiota over wide bathymetric and geographic gradients, and whether specific associations extend to the rare members of the sponge microbiome. Using the ultra-deep Illumina sequencing technology, we conducted a comparison of sponge bacterial communities in seven closely related Hexadella species with a well-resolved host phylogeny, as well as of a distantly related sponge Mycale. These samples spanned unprecedentedly large bathymetric (15-960 m) gradients and varying European locations. In addition, this study included a bacterial community analysis of the local background seawater for both Mycale and the widespread deep-sea taxa Hexadella cf. dedritifera. We observed a striking diversity of microbes associated with the sponges, spanning 47 bacterial phyla. The data did not reveal any Hexadella microbiota co-speciation pattern, but confirmed sponge-specific and species-specific host-bacteria associations, even within extremely low abundant taxa. Oligotyping analysis also revealed differential enrichment preferences of closely related Nitrospira members in closely related sponges species. Overall, these results demonstrate highly diverse, remarkably specific and stable spongebacteria associations that extend to members of the rare biosphere at a very fine phylogenetic scale, over significant geographic and bathymetric gradients.
Introduction
Interactions between symbiotic microbes and the hosts they colonize influence host health, reproduction and nutrition (Gootenberg and Turnbaugh, 2011; Proctor, 2011; McFall-Ngai et al., 2013) . The sponge holobiont (that is, the hosts and their symbionts as functional entities) represents one of the oldest symbioses between microbes and metazoans and offers a unique model to study marine animal symbioses. Microbial communities appear to be essential for the fitness of the sponge host. Sponge-associated microbial communities affect diverse host metabolic functions including nitrogen, carbon and sulfur cycling. They can provide additional nutrients and produce secondary metabolites that improve the defense of the host against predation, fouling and diseases (Hentschel et al., 2006; Taylor et al., 2007a) . Several recent studies also correlate environmental parameters such as elevated seawater temperatures (Webster et al., 2008; Cebrian et al., 2011) or the presence of heavy metals (Webster et al., 2001; Selvin et al., 2009 ) with shifts in microbial communities and declines in sponge health.
The advent of DNA sequencing methods has enabled important advances in sponge microbiome studies. Deep sequencing with next-generation platforms has revealed bacterial diversity that is unparalleled in any invertebrate host and approaches the complexity of the human gut (Webster et al., 2010) . In line with the previously described 'spongespecific' clusters (Hentschel et al., 2002; Taylor et al., 2007a) , studies using next-generation sequencing have shown sponge-specific bacterial communities in a number of sponge species (Lee et al., 2011; Schmitt et al., 2012) . In addition, the observation of specific microbial communities at finer host phylogenetic levels, for example, within each sponge species (Lee et al., 2011) , suggests potential host-symbiont co-speciation.
Using the molecular fingerprinting approach ARISA (Automated Ribosomal Intergenic Spacer Analysis), Schö ttner et al., (2013) observed a significant relationship between bacterial community dissimilarity and host phylogenetic distance. This study contrasted with the lack of co-speciation highlighted by Schmitt et al. (2012) , who employed 16S rDNA pyrosequencing analyses. These discrepancies may reflect the choice and length of different molecular markers, and neither study used deep sequencing of host-microbiota with in-depth phylogeny of host sponge species. Deep sequencing has also detected sponge-associated microbial organisms in the surrounding water column, but at very low abundances (Webster et al., 2010; Taylor et al., 2012) . This rare seawater biosphere might serve as a seed bank for colonization of sponges, implying that environmental transmission may have a significant role in the acquisition of symbionts by sponges. These studies indicate that complex ecological and evolutionary factors influence the stability and specificity of sponge-symbiont associations.
The goal of this work was to explore hostspecificity patterns over uniquely wide bathymetric gradients and varying geographic locations, in both dominant and rare bacterial members of the sponge microbiome. The sponge-associated bacterial communities in seven congeneric (and cryptic) encrusting Hexadella (Porifera: Verongida) sponge species from shallow and deep-sea European coral environments (mainly built by the species Lophelia pertusa (Linnaeus 1758) and Madrepora oculata, Linnaeus 1758) were examined in conjunction with a fully resolved phylogeny of the host organisms. These bacterial communities were also compared with the microbiomes of the distantly related sponge Mycale sp. that occur sympatrically with Hexadella cf. dedritifera. Finally, we characterized microbial communities from local ambient seawater to further assess the influence of the environment (that is, biotic component) versus the sponge host on the composition and structure of the associated bacterial community. Ultra-deep sequencing permitted the detection of very low-abundance organisms that make up the rare sponge biosphere, and the elucidation of host-specificity patterns of dominant and functionally important members of the sponge microbiota.
Materials and methods
Sample collection, DNA extraction and cytochrome c oxidase subunit I amplification The Hexadella species were collected at various locations from 15 to 960 m (Table 1 and Figure 1 ) on the European margins, from the Mediterranean to the Greenland Sea and were preserved in absolute ethanol and stored at room temperature before DNA extraction. Their phylogenetic relationships inferred from comparisons of mitochondrial and nuclear genes were previously reported (Reveillaud et al., 2010) . The taxonomy for shallow-water species Hexadella pruvoti, Hexadella crypta, Hexadella racovitzai and Hexadella topsenti were also previously analyzed using molecular data, morphology, toxicity and biochemistry (Reveillaud et al., 2012) .
The collection of new samples during the deepsea campaign BobECo (Autumn 2011, R/V Pourquoi Pas?, IFREMER, French-Irish margins) provided additional specimens for the deep-sea species complex H. dedritifera and permitted the analysis of distantly related sponge species (that is, Mycale sp.) and ambient water samples from the same locations. Samples were collected by the ROV (remotely operated vehicle) Victor in sterile and isolated compartments filled with 0.22 mm filtered seawater before sampling. After collection, individuals were transferred to À 80 1C. In some cases, sponge specimens collected in non-sterile boxes were also analyzed after flushing on deck with 0.22 mm filtered seawater to eliminate loosely attached microorganisms. Two liter seawater samples were collected in close proximity to the sampled sponges in sterile water bags and filtered through individual 0.22 mm sterivex filters (Durapore, Millipore, MA, USA). Two replicate filters were processed per sterile water bag; one was stored directly at À 80 1C and the other in 96% ethanol. Some locations were explored during independent dives. Only one ethanol-fixed filter was collected from a second dive on 'Petite Sole'. These different storage conditions provided an opportunity to assess how sample storage impacts microbial communities composition and structure. Total genomic DNA was extracted using a MoBio PowerPlant DNA Isolation Kit following the manufacturer's instructions (MO BIO Laboratories, Carlsbad, CA, USA).
Amplification of the 5 0 partition (that is, the standard Folmer barcoding fragment) of the cytochrome c oxidase subunit I, sequences alignment and phylogenetic analyses were done as in the study by Reveillaud et al. (2010) . Hexadella sequences were checked for similarities with the haplotypes from the above study. Mycale sp. sequences were verified for their poriferan origin by BLAST searches against the GenBank database (http://blast.ncbi.nlm. nih.gov/Blast.cgi).
Bacterial community characterization using Illumina paired-end tag sequencing The V6 region of the 16s rRNA gene (ca. 60 nucleotides) was PCR amplified in triplicate for each sample using a combination of four forward primers 967F (5 0 -CTAACCGANGAACCTYACC-3 0 ; 5 0 -ATACGCGARGAACCTTACC-3 0 ; 5 0 -CNACGCGAA GAACCTTANC-3 0 ; 5 0 -CAACGCGMARAACCTTACC-3 0 ) and one degenerate reverse primer 1046R 5 0 -CGACR Specificity of abundant and rare sponge bacteria J Reveillaud et al
RCCATGCANCACCT-3
0 , fused to barcodes compatible with the Illumina HiSeq1000 sequencing platform bridge adapters as described in the study by Eren et al., (2013b) . The amplicon libraries in this study were sequenced in a single run on two different Illumina HiSeq lanes for technological sequencing replicates. Although the two lanes were merged together for the data analysis, the data sets were also analyzed separately for each lane in order to assess technical variation among technical replicates (data not shown).
Quality filtering and sequence analysis
Sequence quality trimming and filtering relied upon perfect identity of paired-end read overlaps Samples including sponge and seawater from the same geographic locations, representing a restricted data set for several analyses in this study, are highlighted in bold (see below).
Specificity of abundant and rare sponge bacteria J Reveillaud et al (Eren et al., 2013b) . This approach generates very high-quality reads by eliminating the majority of sequencing errors. The VAMPS database (https:// vamps.mbl.edu) provides public access to qualityfiltered V6 reads under the project name JCR_SPO_Bv6 (Hexadella Microbiome). This study only included 58 samples from seawater and specimens of verified poriferan origin (see Table 1 ). The QIIME 1.5 pipeline (Caporaso et al., 2010) was used for rarefaction and clustering analyses. Reads were clustered into operational taxonomic units (OTUs) at 97% sequence identity level (which is equivalent to one nt difference between B62 nt long V6 reads) using USEARCH (Edgar, 2010) , with the minimum word length parameter set to 30. The Global Assignment of Sequence Taxonomy (GAST, Huse et al., 2008) assigned taxonomy to reads using the SILVA 111 database (Quast et al., 2013) . The sequencing depth for each sample relied upon a resampling of the OTU table to the smallest sequencing depth, with a total of 100 000 bacterial reads per sample for the beta-diversity analyses. An additional rarefaction at 400 000 reads per sample (excluding samples H20D, 10ION, H18, 44ION and D14ROS) was tested to confirm the patterns (data not shown). Two distinct indices (binary Jaccard: presence-absence and Morisita-Horn: relative abundance) estimated dissimilarity in pairwise comparisons of bacterial communities. A data set filtered for OTUs with fewer than 1000 occurrences across all samples (92 277 OTUs represented by 6 252 406 reads) was analyzed separately in order to explore host-specificity pattern among the rare members of the sponge microbiome. Normalization of sequencing depth per sample employed a resampling of the OTU table to a total of 6000 bacterial reads per sample (that is, the smallest sequencing depth per sample) for the beta-diversity analyses. An additional rarefaction at 40 000 reads per sample (excluding 12 samples, see Supplementary Material) was tested to confirm the patterns.
Oligotyping
The oligotyping computational method (Eren et al., 2011 (Eren et al., , 2013a further explored potential host-specificity patterns using subtle nucleotide variation in closely related Hexadella microbiota. From the entire data set, we submitted 2 112 927 high-quality Illumina V6 fragments that GAST identified as Nitrospira to the oligotyping pipeline version 0.6 (available from http://oligotyping.org). A total of 22 nucleotide positions (that is, entropy components) identified oligotypes among reads following the initial entropy and oligotyping analysis. To reduce noise, only oligotypes that minimally occurred at least 100 times across all samples were included.
LEfSe
LEfSe analysis (Segata et al., 2011) Figure 1) revealed a long tail distribution where low-abundance OTUs, that is, rare taxa (for example, below 0.01%) represented most of the diversity in the sample, whereas fewer than 100 OTUs accounted for highly abundant OTUs (for example, above 1%). Supplementary Figure 2 and Supplementary Tables 2A and B, 3 and 4 report data trends not specific to the tested hypothesis including estimates of taxonomic richness. Figure 1 Map displaying sampling locations of deep-sea sites (star shape) and shallow-water ones (square shape). The boundary between shallow-water and deep sea was defined at a depth of 50 m, as previously used for corals (Cairns, 2007) 
. Map was provided by the project Hotspot Ecosystem Research and Man's Impact on European Seas (HERMIONE).
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Bacterial community composition and structure
The sponge-associated bacterial communities showed a distinct membership from those in the water column and members of each sponge species shared a microbiome composition that differed from the microbiomes of other sponge species in this study (Figure 2, Supplementary Figure 3A) . The Mycale samples displayed a distinct bacterial community from the Hexadella hosts with no overlap between the overall community compositions of the different Hexadella sponge species. Despite some interindividual variation, the data indicate that geographically distant deep-sea populations of the same sponge species hold similar bacterial community composition. For example, the bacterial community composition of the deep-sea species H. dedritifera from the Bay of Biscay to the Greenland Sea had similar microbial community compositions, and H. cf. dedritifera from the Mediterranean Sea to Ireland harbored similar bacterial communities (Supplementary Figure 3A) . Further, sponge species (that is, H. dedritifera versus H. cf. dedritifera) had a significant influence (PERMANOVA (permutational multivariate analysis of variance), P ¼ 0.018) on bacterial community composition from the same location (that is, Rockall, see Supplementary  Table 5 ). These results further show strong spongespecific and species-specific community membership for sponge microbiomes. A filtered data set, discarding OTUs with more than 1000 reads, revealed similar patterns (See Supplementary  Figures 4A and B) , where host-specific bacterial community relationships extend to rare members of the sponge microbiome. The structure of the sponge-associated bacterial communities, examined using the Morisita-Horn abundance-weighted diversity index revealed similar patterns, with a number of outliers (See Supplementary Figure 3B ).
Bacterial community in relation to Hexadella phylogeny and the environment When analyzed in the context of the Hexadella phylogeny, the relationships between bacterial communities lacked congruency with the known evolutionary relationships of the hosts (see Supplementary Figure 5 and the Mantel test, P ¼ 0.004). For instance, the H. pruvoti sponges (in bright green) do not contain more similar microbial communities (in both incidence and abundance, data not shown) to the closely related H. cf. dedritifera (in red) than to species from the phylogenetically more distant H. dedritifera (in orange) species. This indicates that the Hexadella microbiota did not solely diversify through parental inheritance.
To examine the extent of the sponge-specific bacterial community, we examined the shared and the species-specific OTUs (defined at the 97% clustering level across all samples) for each biome (that is, Hexadella, Mycale and seawater). Among 96 279 OTUs, sponges and seawater shared 37 323 OTUs (38%), 49 186 OTUs (51%) were specific for sponges (found exclusively in sponges), whereas 9770 (10%) occurred only in seawater (seawater specific; see Figure 3a ). We also assessed the shared and specific OTUs for each biome from 27 sponge and seawater samples collected from the same Specificity of abundant and rare sponge bacteria J Reveillaud et al geographic locations (that is, French and Irish margins), including Hexadella cf. dedritifera (11 samples), Mycale species (5 samples) and ambient seawater samples (11 samples). This data set (hereafter referred to as the 'restricted data set', highlighted in bold in Table 1 ) contained 69 627 OTUs that we further investigated in order to determine the fraction of OTUs that is shared between sympatric sponge species and surrounding seawater. In this more conservative approach, the sponge-specific fraction was much lower (32%), whereas the shared fraction and the seawater specific fractions were higher (42% and 25%, respectively; Figure 3b ).
Potential biomarker taxa were examined using LEfSe, which identified 33 taxonomic groups distinguishing sponge and seawater communities. These groups included 5 Nitrospirae biomarkers for the sponge class, and 26 distinct Proteobacteria that were divided into 24 groups for the seawater class and 2 for the sponge class (Supplementary Figure 6) , all with a LDA larger than 4.
Oligotyping of the genus Nitrospira
The genus Nitrospira, generally comprised of nitriteoxidizing bacteria, represented 0.14% and 12.91% of the 16S rRNA genes in most Hexadella microbiomes, but fewer than 0.058% of the sequences in the Mycale sp. and seawater specimens (Figure 4 ). Oligotyping analysis of sequences belonging to this group identified 261 oligotypes, represented by 2 070 103 of 2 112 927 (97.97%) Nitrospira reads. Oligotype distribution clearly differed in Hexadella spp versus Mycale and the seawater (Figure 4) communities. The analysis also shows that some conspecifics Hexadella retain very similar oligotypes (for example, in H. dedritifera or in Hexadella sp). Multidimensional scaling analysis using both Binary Jaccard (Supplementary Figure 7) and Morisita-Horn (data not shown) confirmed that oligotypes for members of a particular species were more similar to one another than to those of other species. These results also show that individuals of deep-sea species, such as H. dedritifera, grouped together at the genus level despite spanning a wide geographical distribution from the Bay of Biscay to the Greenland Sea. Nitrospira oligotypes within groups containing at least five samples (that is, H. dedritifera, H. cf. dedritifera, Mycale sp. and seawater background) were analyzed using LEfSe for biomarker identification. Two Nitrospira oligotypes were found as biomarkers for the class of Hexadella cf. dedritifera and for the classes of Mycale sp. and seawater, respectively, with a LDA larger than 5. The most dominant Nitrospira oligotype GTCCCAATGG_ TAA_TCCGCAG (oligotype A) represented by 852 546 reads was highly abundant in H. cf. dedritifera, but relatively rare in H. dedritifera, Mycale sp. and seawater. Oligotype B (ACCTTGACGG_TGC_ GTCTTCT, represented by 5764 reads) was more abundant in Mycale sp. and seawater than in Hexadella spp ( Figure 5 ). These results suggest that some Nitrospira sequences are enriched in certain Hexadella species, whereas others are not enriched in the Hexadella sponge niche.
Discussion
This study describes the first in-depth investigation of bacterial communities in closely related and cryptic sponges species across a wide array of geographic and bathymetric localities using highthroughput sequencing. Samples were collected from shallow to deep-sea sites (15-960 m) along the Mediterranean Sea up to the Greenland Sea. Together with a recently resolved sponge phylogeny generated from nuclear and mitochondrial markers (Reveillaud et al., 2010) , this sample collection provides the most extensive framework for thoroughly characterizing host-bacterial specificity.
Sponge-specific and species-specific symbiont associations Our analyses confirmed a clear sponge-specific and species-specific signature of bacterial community composition, in agreement with previous studies employing less sequencing coverage (Webster et al., 2010; Erwin et al., 2011 Erwin et al., , 2012 Lee et al., 2011; Webster and Taylor, 2012) . Sponge samples stored in a variety of ways also clustered by species, suggesting the signal override the preservatives, as previously shown (Simister et al., 2011) . However, this study provides the first evidence for host-specific patterns Oligotype B: ACCTTGACGG_TGC_GTCTTCT Oligotype A: GTCCCAATGG_TAA_TCCGCAG Figure 5 Biomarker detection analysis (LEfSe) on Nitrospira oligotypes of H. dedritifera, H. cf. dedritifera, Mycale sp. and seawater communities. LEfSe identified two biomarkers (A and B) oligotypes that are differentially abundant and with a LDA larger than 5 in the classes of H. cf. dedritifera and of Mycale sp. and seawater, respectively. The mean and median relative abundance of the biomarker oligotypes are indicated with solid and dashed lines, respectively.
Specificity of abundant and rare sponge bacteria J Reveillaud et al that extends to rare members of the sponge microbiome. Rare organisms (those that were never found above 0.01% relative abundance in any sample) accounted for more than 90% of the distinct OTUs. Despite this high diversity of rare bacterial members, beta-diversity analysis using indices taking into account solely the presence and absence of taxa (that is, binary Jaccard) demonstrated strong species-specific community membership. Further, similar patterns of host species-specificity were detected among members of the sponge microbiome represented by less than 0.001% of the reads only (restricted to OTUs with less than 1000 reads across all samples). Sequencing and PCR errors can potentially contribute to OTU inflation, notably in the rare biosphere, and evaluating the relevance of singletons and doubletons remains an open research challenge in V6 amplicon sequencing. The strongest evidence that a unique sequence in a sample is of biological origin occurs when this sequence is observed across multiple samples. Here, only 33 OTUs were observed fewer than two times (that is, singletons) and 18 OTUs were found as doubletons. Therefore, most unique sequences in any given sample occurred in at least another sample generated by independent PCR reactions. These results provide evidence that the observed rare taxa in this data set are mostly real. Our data suggest that specific host-bacteria associations extend beyond the dominant taxa into the rare biosphere.
This study provides the first evidence that deepsea sponge species separated by great geographical distances along the European continental margins (for example, Hexadella cf. dedritifera, occurring from the Mediterranean Sea to the Irish Margins, separated by ca. 5000 km) share similar bacterial community composition. This could reflect post-glacial currents occurring along the European margins (that is, the Mediterranean Outflow Water). Connectivity patterns among cold-water coral faunal assemblages were observed using paleoecological U/Th datings of corals (Schrö derRitzrau et al., 2005; Roberts et al., 2006) and phylogenetic analysis of sponge species (see Reveillaud et al., 2010) . Interestingly, the species of the recently highlighted complex of cryptic deep-sea species (that is, H. dedritifera, H. cf. dedritifera and Hexadella sp) harbored a discrete bacterial community. Similarly, the recently identified shallow-water species H. pruvoti, H. crypta, H. topsenti and H. racovitzai showed divergent associated bacterial communities. Differential metabolic patterns occur within each of these four shallow-water sponge groups (Reveillaud et al., 2012) , and although no direct inference can be made concerning the actual producers of secondary metabolic compounds in these sponge-microbe associations, divergent bacterial communities could explain different secondary metabolites profiles for the different Hexadella species.
Specific host-Nitrospira associations
The genus Nitrospira has a key role in nitrogen cycling in sponges (Hentschel et al., 2012; Radax et al., 2012) . Our analysis shows that Nitrospira is a dominant taxa as well as a biomarker group for the sponge microbiome. A significantly higher abundance of Nitrospira reads were observed in Hexadella spp versus in Mycale sp. and in the seawater samples, suggesting that these nitrite-oxidizing bacteria may serve a key role in removing ammonia that accumulates in Hexadella sp. In contrast, the restricted amount of Nitrospira in Mycale suggests that another member of the community may perform nitrification in this species or that other specific pathways (for example, sulfate reduction, denitrification or anammox, described in species experiencing anaerobiosis, see Hoffmann et al., 2009 ) might provide greater fitness to Mycale sp. The relative abundance of Nitrospira in Hexadella spp compared with other sponge species (that is, Mycale) suggests that this particular genera specifically occurs in certain sponge species. Future analyses including metagenomic and metatranscriptomic work will allow for investigation of whether or not metabolic interdependencies determine the stability of hostNitrospira associations.
Oligotype analysis of sequences belonging to this group indicated that very closely related members of Nitrospira present distinct patterns of diversity and relative abundance among the different Hexadella spp, Mycale and seawater biomes (Figure 4 and Supplementary Figure 7) . Although previous work reported host-bacteria specificity at the genus level in cyanobacteria (Thacker and Starnes, 2003) , our study revealed that some Nitrospira variants are differentially enriched in closely related sponge species, whereas others are present in Mycale sp. or seawater but not enriched in the Hexadella sponge niches. The LEfSe analysis on Nitrospira oligotypes from H. dedritifera, H. cf. dedritifera, Mycale and seawater samples revealed two Nitrospira oligotypes that were differentially abundant in H. cf. dedritifera and in the Mycale and seawater classes, respectively ( Figure 5 ). These results suggest the selective retention and/or enrichment of strains within the genus Nitrospira in sponges. Our data are consistent with the results from a recent sponge bacteria comparative metagenomic study by Thomas et al. (2010) , which showed an abundance of functional genomic signatures, such as symbiotic repeat proteins for the bacterial community. This observation suggests that the sponge can discriminate between food and resident bacteria and that metabolic interdependencies may exist between the host and its associated taxa.
The oligotyping data demonstrate the power of ultra-deep sequencing technologies to both enable identification of unknown reservoirs of bacterial diversity at very fine phylogenetic levels (that is, with the genus Nitrospira) as well as to improve our understanding of the host-specific associations.
The results reveal under-estimated diversity within an important member of the sponge microbiome and that host species-specific symbionts exist at the genus level within dominant and rare members of the sponge microbiome. There is a high degree of host-taxa specificity at fine phylogenetic scales, which cannot be detected with coarser 16S rRNA gene clustering or taxonomic assignments.
Vertical and horizontal mechanisms for transmission of sponge-bacteria On one hand, our results suggest that a high proportion (32%) of symbionts pass from the parents to the offspring and never appear in the seawater, consistent with previous studies (see Schmitt et al., 2012; Webster et al., 2010) . On the other hand, our data show a non-negligible proportion (38%) of shared OTUs between sponge and seawater. This frequency was as high as 42% when analyzing only sympatric samples from the same French and Irish locations. These data support the recent study of Taylor et al. (2012) , which showed that many microbial taxa found in sponges also occur at very low abundance in the seawater and might serve as seed bank for sponges. Although the Illumina sequencing allowed recovery of a high number of OTUs, deeper sequencing of rRNA amplicons from the seawater (or from sediments, see Schö ttner et al., 2013) rare biosphere might reveal additional shared community membership. Overall, ultra-deep sequencing technology demonstrated that both shallow and deep-sea spongeassociated bacterial communities are highly diverse and controlled by both host and environmentalrelated factors.
Despite the interplay of both the host and the environment, our results indicate the existence of strong ecological and/or evolutionary factors driving these diverse but stable sponge-associated bacteria, including both dominant and rare bacterial members. The exact evolutionary mechanisms and timescales used by sponges and symbionts to preserve these remarkably stable associations remain unknown, but the close associations within the rare biosphere are a particularly exciting finding. In agreement with previous studies (Schmitt et al., 2012) , the strict core community (defined as presence in all sponges) was extremely small and consisted of only ca. 1% of the total bacterial community. In contrast, the sponge species-specific community (defined as presence in only a single sponge species) consisted of ca. 30% of the total community. Different sponge species likely represent different ecological niches for bacteria, each acquiring and selectively maintaining a specific microbial community that is acquired both from the environment and from the parents (Webster et al., 2010) . Sponge bacterial consortia could date back to the beginning of the animal evolution (Taylor et al., 2007b) , and therefore some taxa may be associated with their host possibly over evolutionarily extended periods of time. However, such specialization might not be just ancient. For instance, the large diversity of Nitrospira variants, such as within H. dedritifera, might provide to the host a large and diverse repertoire of genes, which could rapidly expand its metabolic potential, and thus increasing both its ecological plasticity and adaptation to environmental change. Patterns of host-specificity at very fine molecular resolution, such as within the dominant genus Nitrospira, suggest a phylogenetic specificity that warrants further investigation at the functional level. Metagenomic library construction will allow the recovery of functional genes and operons and improve our understanding of the physiological roles of these diverse but highly specialized sponge-associated microbiota.
In conclusion, we exploited the power of ultradeep sequencing and a well-resolved host phylogeny to characterize host-specificity patterns in sponge microbiota. The results shed light on an exceptional diversity of dominant to low-abundance taxa, including within lineages with known functional importance (that is, Nitrospira). This study demonstrates the stability and specificity of bacterial communities along unprecedentedly wide bathymetric gradients and large geographic areas within both the dominant and rare bacterial biosphere. Oligotyping analysis demonstrates for the first time that closely related sponge species have differential enrichment preferences for closely related Nitropsira variants. It is clear that sponges must use specific mechanisms to selectively maintain bacteria seeded from the seawater and/or transmitted from the parents to offspring. Whether 'everything is everywhere' or not, the sponge selects.
